The plasma concentration of the placentally derived proMBP (proform of eosinophil major basic protein) increases in pregnancy, and three different complexes containing proMBP have been isolated from pregnancy plasma and serum: a 2:2 complex with the metalloproteinase, PAPP-A (pregnancy-associated plasma protein-A), a 2:2 complex with AGT (angiotensinogen) and a 2:2:2 complex with AGT and complement C3dg. In the present study we show that during human pregnancy, all of the circulating proMBP exists in covalent complexes, bound to either PAPP-A or AGT. We also show that the proMBP-AGT complex constitutes the major fraction of circulating HMW (high-molecular weight) AGT in late pregnancy, and that this complex is able to further associate with complement C3 derivatives post-sampling. Clearance experiments in mice suggest that complement C3-based complexes are removed faster from the circulation compared to monomeric AGT and the proMBP-AGT complex. Furthermore, we have used recombinant proteins to analyse the formation of the proMBP-PAPP-A and the proMBP-AGT complexes, and we demonstrate that they are competing reactions, depending on the same cysteine residue of proMBP, but differentially on the redox potential, potentially important for the relative amounts of the complexes in vivo. These findings may be important physiologically, since the biochemical properties of the proteins change as a consequence of complex formation.
INTRODUCTION
AGT (angiotensinogen) is a non-inhibitory serpin of approximately 60 kDa [1, 2] , known as the precursor of angiotensin I. In addition to systemic effects of the reninangiotensin system, local and tissue-specific effects, e.g. in the uteroplacental unit, have been described [3] . The plasma concentration of AGT in non-pregnant women is close to the K m value (approximately 1 μM) of its reaction with renin [4, 5] , but during pregnancy, it is increased up to four-fold [6] . In men and non-pregnant women, the majority of circulating AGT is monomeric. However, 3-5 % is present in a poorly characterized HMW (high-molecular weight) form. Curiously, in normotensive pregnant women, the HMW fraction is increased to approximately 16 %, and under pathological conditions, such as pregnancy-induced hypertension and pre-eclampsia, it may become the predominant form [7, 8] . Importantly, renin cleavage of uncharacterized HMW AGT has been reported to progress slower than cleavage of monomeric AGT [9] .
The molecular mass of HMW AGT is estimated to be 200-500 kDa [7, 8, [10] [11] [12] [13] , but SDS/PAGE following reduction of disulfide bridges indicates that it is composed of AGT disulfide linked to other proteins, multimeric AGT or a mixture of both [9, 14, 15] . In vitro, the AGT molecule is known to be able to form disulfide-linked multimers, that are suggested to be the dominant constituent of the HMW fraction [16] . In addition, the presence of two different complexes containing proMBP (proform of eosinophil major basic protein) disulfide linked to AGT have been demonstrated [17, 18] . One is a 2:2 proMBP-AGT complex of approximately 200 kDa. The other is a ternary complex with complement C3dg, a 2:2:2 proMBP-AGTC3dg complex of approximately 300 kDa. However, whether these complexes with proMBP contribute quantitatively to the HMW AGT fraction has been questioned [11, 16] .
ProMBP is synthesized in large quantity by extravillous trophoblast cells in the placenta [19, 20] , and its concentration increases throughout pregnancy [17, 21] . It is known to circulate in a 2:2 disulfide-linked complex with the metzincin metalloproteinase PAPP-A (pregnancy-associated plasma protein-A) [22] . Uncomplexed PAPP-A regulates the bioavailability of IGFs (insulin-like growth factors) by cleavage of IGFBPs (IGF-binding proteins) [23] [24] [25] , but PAPP-A in complex with proMBP is proteolytically inactive [26, 27] .
Thus a network of complexes exists in which AGT, PAPP-A and proMBP are key elements. Since these proteins are all present in the placenta, it is reasonable to speculate that formation of the proMBP-AGT and the proMBP-PAPP-A complexes are competing reactions. In this case, a pathological increase in proMBP-AGT may affect the relative amount of uncomplexed, and hence active, PAPP-A, and thereby indirectly the bioavailability of IGF. Further delineation of this network of protein complexes is required to understand its potential role in both normal and complicated pregnancies. We have therefore analysed the complexes present in the circulation of pregnant women and established a model system based on recombinant proteins, and we have used this system to analyse the process of covalent complex formation.
EXPERIMENTAL

Plasma, serum and antibodies
Third trimester EDTA-plasma was obtained from seven normotensive pregnant women in the third trimester at Holbaek Hospital, Denmark. In addition, paired EDTA-plasma and serum samples were collected from three normotensive pregnant women in the third trimester. All samples were separated, immediately, placed on ice and frozen at − 20
• C. Term pregnancy blood from pregnant women was collected at Skejby Hospital, Denmark, allowed to form serum at room temperature (22 • C) overnight and stored at − 20
• C. For some of the experiments, samples of third trimester plasma and serum were incubated for 24 h at room temperature in the absence or presence of 50 mM iodoacetamide. Blood samples were collected as part of routine prenatal screening, and used for research in accordance with the Danish Guidelines of the Prenatal Screening Registry. All women gave informed consent and the study was conducted in accordance with the Helsinki Declaration. The antibodies used were F8A2 [28] , anti-AGT mouse mAb (monoclonal antibody); SSI 233 [18] , anti-AGT chicken pAb (polyclonal antibody); αPP [29] , anti-proMBP/PAPP-A rabbit pAb; 234-10 [30] , antiproMBP mouse mAb; 234-5 [30] , anti-PAPP-A mouse mAb; PM-5A [31] , anti-proMBP mouse mAb; A063 (Dako), anti-C3d rabbit pAb; 9E10 (ATTC), anti-c-Myc mouse mAb; P0260 (Dako), peroxidase-conjugated rabbit anti-mouse pAb; A9046 (SigmaAldrich), peroxidase-conjugated rabbit anti-chicken pAb; P0217 (Dako), peroxidase-conjugated swine anti-rabbit pAb; and A3151 (Sigma-Aldrich), peroxidase-conjugated avidin.
Western blotting
AGT Western blotting was performed following separation of proteins by 10-20 % non-reducing or reducing SDS/PAGE. Proteins were blotted on to a PVDF membrane (Millipore) and blocked in TST-SM [2 % skimmed milk powder diluted in TST (50 mM Tris, 500 mM sodium chloride and 0.1 % Tween 20, pH 9.0)]. The membrane was washed in TST, incubated overnight at 4
• C with the F8A2 antibody diluted to 1 μg/ml in TST-SM, washed and incubated for 0.5 h at room temperature with P0260 diluted 1:2000 in TST-SM. The blots were developed using ECL (enhanced chemiluminescence; Amersham Biosciences) and visualized using X-ray film. Detection of proMBP was performed similarly. The antibody 234-10 at 1 μg/ml was used as detecting antibody. DTT (dithiothreitol) was used as reducing agent.
ELISA
Protein concentrations were measured by ELISAs performed in Maxisorp polystyrene microtiter plates (Nunc). Coating antibodies were diluted in 0.1 M sodium bicarbonate, pH 9.8, and wells were blocked with 2 % BSA in PBS (20 mM sodium hydrogen phosphate and 150 mM sodium chloride, pH 7.4). Detecting antibodies, samples and calibrators were diluted in PBS-T (0.01 % Tween-20 in PBS) supplemented with 1 % BSA. Washing was carried out with PBS-T. The antibodies used for each ELISA are listed as follows (coating/detecting/secondary antibody): AGT-specific, F8A2 (2 μg/ml)/SSI233 (1:1000 dilution)/A9046 (1:10000 dilution); proMBP specific, αPP (5 μg/ml)/234-10 (1 μg/ml)/P0260 (1:1000 dilution); PAPP-A specific, αPP (5 μg/ml)/234-5 (1 μg/ml)/P0260 (1:1000 dilution); AGT-C3d specific, F8A2 (2 μg/ml)/A063 (1:1000 dilution)/P0217 (1:1000 dilution); proMBP/PAPP-A specific, 234-5 (2 μg/ml)/234-10-biotin (1 μg/ml)/A3151 (1:10000 dilution); and proMBP/AGT specific, F8A2 (2 μg/ml)/234-10-biotin (1 μg/ml)/A3151 (1:10000 dilution). In the complex-specific ELISAs, 0.8 M NaCl was added to the buffers to avoid detection of possible non-covalent complexes. Dilution series of third trimester pregnancy plasma was used to establish the standard curves for measurement in blood samples. One arbitrary unit is equivalent to the concentration of the protein in the non-diluted calibrator. For measurement of recombinant proteins, the assays were calibrated with the purified proMBP-PAPP-A complex [29] , or immunoaffinity (F8A2) purified recombinant AGT, quantified by amino acid analysis.
Size-exclusion chromatography
The plasma from seven normotensive pregnant women was thawed on ice, pooled and diluted 20 times in running buffer (20 mM Tris, 150 mM sodium chloride and 0.02 % Tween-20, pH 7.4). To separate monomeric AGT from HMW AGT, size-exclusion chromatography was performed on a column (330 ml) packed with Sephacryl S-200 (Amersham Biosciences) and equilibrated in the running buffer (0.75 ml/min). Individual fractions (3 ml) were analysed by ELISA.
Immunodepletion
For depletion of proMBP, chromatographic fractions were incubated overnight at 4
• C with the PM-5A antibody (or 9E10 for the controls) immobilized to CNBr-activated Sepharose 4B (GE Healthcare). Similarly, depletion of PAPP-A and AGT in the fractions was done using a mixture of the mAbs 234-5 and F8A2. For depletion of complement C3 derivatives in serum, samples were incubated overnight at 4
• C with protein-G Sepharose (GE Healthcare) in the absence or presence of A063, and analysed by proMBP Western blotting.
Immunoaffinity chromatography
Term pregnancy serum was diluted 10 times in PBS and loaded on to a Sepharose 4B column (4 ml) with immobilized F8A2, or 9E10 as control and equilibrated in PBS. The column was washed in 40 ml of PBS-T followed by 40 ml of PBS and 1 M sodium chloride. The protein was eluted in 0.2 M glycine and 0.1 M sodium chloride (pH 2.5), and immediately neutralized with 1 M Tris (pH 7.4). The eluate was concentrated by ultrafiltration (filter cut-of 10 kDa; Millipore) and dialysed against PBS. Non-reduced and reduced samples were separated by SDS/PAGE and stained with Coomassie Blue for protein identification by MALDI-TOF-MS (matrix-assisted laser desorption ionization-time-of-flight MS; see below).
Protein identification by MALDI-TOF-MS
Bands were excised from Coomassie-Blue-stained reduced gels, washed in acetonitrile (50 % and 100 %) and dried. The bands from non-reduced gels were incubated with 10 mM DTT (45 min) followed by incubation with 50 mM iodoacetamide (30 min), washed in acetonitrile (50 % and 100 %) and dried. The material was then incubated on ice with 12.5 μg/μl sequence-grade trypsin (Promega) in 10 mM ammonium bicarbonate for 1 h. Excess trypsin was removed, replaced with 50 mM ammonium bicarbonate and incubated overnight at 37
• C. The supernatant was transferred into new tubes and the remaining tryptic peptides were extracted from the gel by the addition of 100 % acetonitrile. All the steps were carried out in siliconized tubes (Sorensen). The peptides were co-crystallized with CHCA (α-cyana-4-hydroxycinnamic acid), and mass spectra were obtained using a Voyager DE-PRO (Applied Biosystems) MALDI-TOF instrument. For protein identification, the peptide masses (m/z) were submitted to the Mascot search engine (http://www.matrixscience.com).
Clearance analysis in mice
Female inbred mice (C57BL/6Jbom, Taconic), 7-8 weeks old, were used. The mice were housed in plastic cages under pathogenfree conditions with a 12 h light cycle and fed standard chow (1324; Altromin) and water ad libitum. The AGT monomer, the AGT-proMBP complex and the AGT-proMBP-C3dg complex were purified by AGT immunoaffinity chromatography and further by size-exclusion chromatography (Sephacryl S-300, Amersham). The purity of the complexes was assessed by SDS/PAGE (> 95 %), and the concentrations were determined by amino acid analysis. Samples were diluted in sterile PBS and 1 % BSA. Before tail vein injection (5 μg per injection), the animals were kept at a high ambient temperature to dilate the veins. A volume of 300 μl was slowly injected. Blood samples (20-30 μl) were collected at different time points after the injection (1-240 min) by retro-orbital plexus puncture into vials (Microvette CB 300 KE). A total of five serum samples were obtained from individual animals. The time course of clearance was analysed in six mice for each protein by specific ELISAs. All proteins displayed a biphasic clearance curve and a two-compartment model, described by the eqn (1)
(1) was fitted to the curves, where C is the percentage of injected protein remaining in circulation at a given time (t), k 1 and k 2 are the kinetic rate constants of the fast (α-phase) and slow phase (β-phase) respectively, and C 1 and C 2 are the percentages of administered sample removed during the two phases. The values of k 1 , k 2 , C 1 and C 2 were derived for each clearance curve by fitting C against t in eqn (1) using SigmaPlot 8.0. The half-lives (t 1/2 ) corresponding to the α-and β-phase were calculated as α-phase t 1/2 = 0.693/k 1 and β-phase t 1/2 = 0.693/k 2 respectively. The animal experiments were approved by the Danish Animal Experiments Inspectorate.
Kinetic analysis
Cleavage of the purified AGT monomer and proMBP-AGT complex (see above) was analysed using recombinant human renin (R2779; Sigma). Initial cleavage analysis was performed by the incubation of 1 μM of the AGT monomer or the AGT-proMBP complex with 5 nM renin in PBS containing 0.1 % BSA for 1 h at 37
• C with shaking (800 rev./min). The generated angiotensin I was separated by reversed-phase highpressure liquid chromatography (50
• C, 0.5 ml/min, 218 nm) on a 4mm×250 mm column packed with Nucleosil C18 100-5 (Macherey-Nagel) using a gradient formed from 0.1 % (v/v) trifluoroacetic acid (solvent A) and 0.075 % (v/v) trifluoroacetic acid in 90% (v/v) acetonitrile (solvent B), increasing the amount of solvent B from 20 % to 90 % over 15 min including a plateau of 5 min at 56 % solvent B. Quantitative analysis was performed by the incubation of different concentrations (0-12 μM) of the AGT monomer or the proMBP-AGT complex with renin (1 nM) in a total volume of 100 μl for 30 min at 37
• C with shaking (800 rev./min). The amount of generated angiotensin I in these experiments did not exceed more than 10 % of the total amount of substrate. The reaction was stopped by the addition of 400 μl of a mixture of 75 % solvent A and 25 % solvent B. The samples were co-injected on the column with pure angiotensin II (Sigma) as an internal standard. A standard curve was prepared by injection of different concentrations of pure angiotensin I (Sigma). The Michaelis-Menten equation was fitted to the data using the Enzyme Kinetics module 1.1 of SigmaPlot 8.0.
Cell culture and transfection
HEK (human embryonic kidney)-293T cells (293tsA1609neo) were maintained in high glucose Dulbecco's modified Eagle's medium supplemented with 10 % fetal bovine serum, 2 mM glutamine, non-essential amino acids and gentamicin (Invitrogen). Cells were plated onto 6-cm culture dishes and transiently transfected 18 h later by calcium phosphate coprecipitation [32] using 10 μg of plasmid DNA. The cells were transfected with either PAPP-A cDNA [27] , cDNA encoding proMBP, mutated variants of proMBP {proMBP(C51S) and proMBP(C169S) [33] } or AGT cDNA, and the culture medium was harvested after 48 h. AGT cDNA [34] was transferred from the original pECE vector to pcDNA3.1( + )/myc-His (Invitrogen) using XbaI and HindIII. The protein concentrations in the culture medium were measured by ELISA, as described above.
In vitro complex formation
Formation of the recombinant proMBP-AGT complex was performed by incubating (37
• C) culture medium from HEK-293T cells, transfected separately with cDNA encoding AGT, proMBP, or the mutated variants proMBP(C51S) and proMBP(C169S), to final concentrations of 40 nM of AGT and 400 nM proMBP. The amount of complex formed was measured over time relative to the level reached at the plateau using the proMBP-AGTspecific ELISA. In some experiments, GSH or hydrogen peroxide was included. In similar experiments, recombinant PAPP-A or proMBP were mixed to final subunit concentrations of 20 nM and incubated at 37
• C to allow the covalent complex to form in the presence of 0-240 nM recombinant AGT. The experiment was carried out in the presence of 30-180 μM GSH.
RESULTS
ProMBP is a major constituent of the HMW fraction of AGT in late pregnancy
A pool of seven plasma samples from normotensive women in the third trimester was subjected to size-exclusion chromatography, and the individual fractions were analysed using an AGT-specific ELISA ( Figure 1A ). AGT antigen eluted as a major peak corresponding to monomeric AGT (fractions 37-46) and a smaller broad peak of HMW AGT (fractions [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] . The total amount of AGT in the HMW fractions relative to monomeric AGT is in fair agreement with previous studies [7, 8] .
To determine the proportion of HMW AGT composed of proMBP complexes, fractions 30-35 were pooled and immunodepleted for proMBP. This caused more than a 50 % reduction of AGT antigen as shown by ELISA ( Figure 1B) and Western blotting following reducing SDS/PAGE ( Figure 1C ) of the pooled fractions before and after depletion. Thus proMBP is a major constituent of HMW AGT in late pregnancy plasma
ProMBP is disulfide linked to either PAPP-A or AGT in late pregnancy
Measurement of proMBP showed an elution profile of two overlapping peaks (Figure 2A, broken line) . No monomeric proMBP, expected to elute after fraction 45, was detected showing that all proMBP is present in HMW complexes. ProMBP Western blotting of the unfractionated material (Figure 2A , insert) showed bands corresponding to the 2:2 proMBP-PAPP-A complex (480 kDa) [22] , and the 2:2 proMBP-AGT complex (200 kDa) [17] . Upon immunodepletion of both AGT and PAPP-A in individual fractions, proMBP could not be detected (Figure 2A, solid line) . Measurement of PAPP-A ( Figure 2B , broken line) shows the presence of the proMBP-PAPP-A complex corresponding to the position of the left-hand peak of Figure 2(A) , and measurement of the proMBP-AGT complex ( Figure 2B , solid line) shows the presence of this complex in the broader right-hand peak. Importantly, these experiments did not reveal the presence of the 300 kDa 2:2:2 proMBP-AGT-C3dg complex previously detected in pregnancy plasma and serum [17, 18] . 
Complement C3 containing complexes form as a consequence of post-sampling events
The 2:2:2 proMBP-AGT-C3dg complex might form as a consequence of post-sampling events, explaining its absence in freshly obtained plasma samples. Therefore plasma samples were incubated for 24 h at room temperature and analysed by proMBP Western blotting following non-reducing SDS/PAGE. Dramatic changes in the molecular mass of the proMBP species were observed ( Figure 3A, lanes 1 and 2) . A similar result was obtained with freshly obtained pregnancy serum ( Figure 3A, lanes 3 and  4) . However, the observed shift in molecular mass was inhibited by the presence of an alkylating reagent ( Figure 3B ). Therefore incubation, not processes of blood coagulation, resulted in these changes towards higher molecular mass, possibly involving complement C3dg, which occur as a consequence of disulfide bond formation.
To allow analysis of putative complement C3dg containing complexes, serum formed at room temperature from term pregnancy blood was analysed by proMBP Western blotting following non-reducing SDS/PAGE. In addition to the bands corresponding to the proMBP-PAPP-A complex and the proMBP-AGT complex, several additional proMBP-reactive bands were observed ( Figure 3C, lane 1) . However, following immunodepletion of complement C3d, only bands corresponding to the proMBP-AGT and the proMBP-PAPP-A complex were present, suggesting that the additional complexes all involve derivatives of complement C3 ( Figure 3C, lane 2) .
Non-reducing 7 % SDS/PAGE of affinity purified AGT followed by Coomassie Blue staining revealed five HMW bands (bands 1-5) in addition to monomeric AGT (band 6) ( Figure 3D) , and MS following in-gel digestion demonstrated the presence of Table S1 at http://www.biochemj.org/bj/449/bj4490209add.htm). In all of the gels molecular masses are shown on the left-hand side in kDa.
proMBP in all of the HMW bands ( Figure 3D and Supplementary  Table S1 at http://www.biochemj.org/bj/449/bj4490209add.htm). Furthermore, peptides derived from complement C3b were identified in bands 1 and 2, whereas peptides of complement C3dg were identified in bands 3 and 4. Several other proteins were identified as constituents of the HMW complexes (Supplementary Table S1 ). All of these were also present following reduction ( Figure 3E and Supplementary Table S1 ).
It is difficult to assess to what extent complement-C3-containing complexes, possibly as a result of complement activation, form in vivo. A faster rate of clearance from the circulation may explain their absence from freshly drawn blood ( Figure 3A) . To address this question, AGT, proMBP-AGT and proMBP-AGT-C3dg were purified chromatographically (results not shown). Clearance experiments were conducted in mice ( Figure 4A ), revealing similar kinetics for the clearance of monomeric AGT and the proMBP-AGT complex, but significantly altered kinetics for the proMBP-AGT-C3dg complex ( Figure 4A and Table 1 ). These results strongly indicate that complement C3dg are responsible for the faster clearance rate of complexes in which this molecule is a constituent, and may explain in part why these complexes are not detected in freshly drawn blood samples.
Finally, using the purified components, kinetic parameters of renin cleavage were assessed ( Figure 4B ). The experiment shows an approximately three-fold increase in the K m value and a twofold decrease in the V max value of the cleavage reaction with AGT in complex with proMBP relative to the reaction with monomeric AGT, resulting in a five-fold decrease in catalytic efficiency.
Formation of the proMBP-PAPP-A and proMBP-AGT complexes both depend on proMBP Cys 169
Since all of proMBP is contained in covalent complexes with either AGT or PAPP-A, the balance between the two reactions, leading to proMBP-AGT and proMBP-PAPP-A, is important to understand. The mechanism behind the proMBP-PAPP-A complex is known to depend on the presence of proMBP Cys 169 [26, 33] , and micromolar concentrations of GSH accelerates the reaction [33] . To analyse the formation of the proMBP-AGT complex, recombinant AGT and proMBP were mixed and incubated at 37
• C. The rate of complex formation was dramatically increased when the redox potential was shifted by the presence of 100 μM GSH, whereas, in the presence of 100 μM hydrogen peroxide, the reaction was inhibited ( Figure 5A ). As no ternary proMBP-PAPP-A-AGT complex has been identified, we speculated that proMBP Cys 169 is also required for the formation of the proMBP-AGT complex. Recombinant AGT was incubated with recombinant wild-type proMBP or proMBP(C169S) at 37
• C. Interestingly, no complex was formed between AGT and proMBP(C169S) (Figure 5B ), suggesting that reactions of proMBP and AGT depend on disulfide bond formation with proMBP Cys 169 . Together, these findings indicate a similar mechanism of complex formation between proMBP and PAPP-A and proMBP and AGT.
In uncomplexed recombinant proMBP, Cys 169 forms a disulfide bond with Cys 51 [33] . We therefore carried out an additional experiment using a proMBP mutant proMBP(C51S) in which this disulfide bond is absent, but Cys 169 is still present. We found that the initial rate of AGT complex formation with proMBP(C51S) was increased several fold compared with the reaction with the wild-type proMBP ( Figure 5B) .
Formation of the proMBP-PAPP-A and proMBP-AGT complexes are competing reactions which depend differentially on redox potential
To mimic the conditions of complex formation in vivo, experiments were carried out with all three components. First, recombinant proMBP and PAPP-A were mixed in a 1:1 molar ratio and formation of the covalent proMBP-PAPP-A complex at 37
• C was monitored over time. After approximately 2 h, the concentration of the proMBP-PAPP-A complex had reached a maximum ( Figure 6A, solid line) . Secondly, a similar experiment was carried out in the presence of an eight-fold molar excess of AGT. In this experiment, the maximum reached was approximately 20 % lower (Fig. 6A, broken line) , showing that AGT is able to compete for proMBP, but that complex formation with PAPP-A is a faster reaction under these conditions. Thirdly, monitoring the amount of the proMBP-PAPP-A complex formed after 8 h in the presence of increasing concentrations of AGT showed, as expected, a decrease in the amount of the proMBP-PAPP-A complex formed ( Figure 6B ).
Finally, we asked whether the two reactions of proMBP were affected similarly by changes in the redox potential, as the differential sensitivity of the two reactions might determine the balance between the two. An experiment with all three components, similar to the experiment of Figure 6 (A), was carried out in the presence of different concentrations of GSH. Interestingly, we observed that with decreasing concentration of GSH, the ability of AGT to compete for proMBP is increased ( Figure 6C ). Increasing the concentration of GSH to more than 100 μM did not appear Table 1 Kinetic parameters characterizing the clearance in mice of the AGT monomer, the AGT-proMBP complex and the AGT-proMBP-C3dg complex
The percentages of the administered sample cleared in the fast phase (C 1 ) and the slow phase (C 2 ), and the values of the kinetic rate constants (k 1 and k 2 ) of each phase were determined by fitting the clearance data to eqn (1) (see the Experimental section). The half lives for the fast phase (α-phase t 1/2 ) and the slow phase (β-phase t 1/2 ) were defined as α-phase t 1/2 = 0.693/k 1 and β-phase t 1/2 = 0.693/k 2 respectively. Standard errors are shown in parentheses. to have an effect, but the balance was dramatically affected at concentrations below 100 μM.
DISCUSSION
Some proteins, quantitatively absent in non-pregnant women, are abundantly synthesized in the placenta and secreted into the maternal circulation. The concentration of other plasma proteins may change as a result of up-regulation during pregnancy, e.g. increased hepatic synthesis of AGT. In addition to changes in synthesis, the principal proteins of the present study, AGT and placentally derived PAPP-A and proMBP, also engage in the formation of pregnancy-associated protein complexes of increased molecular mass mediated by disulfide bonds. The reactions that lead to these covalent complexes form a network of interactions ( Figure 7 ). As the biochemical properties of individual components, e.g. proteolytic activity of PAPP-A and substrate function of AGT, change as a consequence of complex formation, knowledge about these complexes, their formation and the dynamics of the protein network is important. How the network is regulated in vivo is not known, but differences in the balances between the covalent complexes have been recognized. For example, the fraction of AGT present as HMW complexes (approximately 16 % in normal pregnancy [7, 8] ) has been found to vary and to be associated with the development of pregnancy-induced hypertension and pre-eclampsia [7, 35, 36] , the latter associated with hypoxia and therefore redox changes [37] . Also, the fraction of PAPP-A present as active uncomplexed PAPP-A is not constant, but varies from about one third in the first trimester to less than 1 % at term [38] , causing a many-fold difference in specific PAPP-A activity.
We demonstrated in the present study that all of proMBP present in the circulation of pregnant women is complex bound either to PAPP-A or AGT (Figure 2 ), and we show for the first time that the proMBP-AGT complex is a major constituent of HMW AGT (Figure 1 ). This conclusion is in agreement with the approximate molar concentrations of AGT (up to 4 μM), PAPP-A (0.1 μM) and proMBP (0.4 μM) [6, 17] in the circulation at term.
A previously recognized complex, proMBP-AGT-C3dg [17] , was not detected in freshly drawn blood. However, we found that storage of serum or incubation of plasma at room temperature for 24 h caused this complement-C3-based complex to form (Figure 3) . Curiously, in addition to the quantitatively dominating proMBP-AGT and proMBP-AGT-C3dg complexes, several other proteins, including complement C3b, appeared to be present in HMW complexes ( Figure 3 , and Supplementary  Table S1 ). On the basis of the present data, it is not possible to further characterize these, but it is reasonable to speculate that the 2:2 proMBP-AGT complex is a part of all complexes, and as a result of complement activation via the alternative pathway [39] , this complex reacts with complement C3 derivatives. Further reactions are likely to be mediated by reaction with C3 derivatives of the complexes, but the stoichiometry cannot be predicted based on the current data. The current experiment, in which formed complexes are allowed to accumulate during incubation in vitro, does not reflect the steady state in the circulation where complexes may be cleared differently. We demonstrated that the clearance kinetics of AGT in mice was not affected by formation of the proMBP-AGT complex, but that further complex formation with complement C3dg caused it to clear significantly faster (Figure 4 and Table 1 ). We therefore speculate that the complement-C3-based complexes may form in humans under conditions of increased complement activation, but that they are more likely to be cleared at a faster rate, probably via complement receptors [40] .
To address the question of the balance between the two different reactions of proMBP (Figure 7) , we used recombinant proteins. First, we found that formation of the recombinant proMBP-AGT complex is accelerated or inhibited by micromolar concentrations of GSH or oxidizing agent respectively ( Figure 5A ). Secondly, we showed that proMBP Cys 169 is required for covalent complex formation and that a mutated variant of proMBP, in which this cysteine residue is in the reduced (-SH) form rather than engaged in the Cys 51 -Cys 169 disulfide bond of the wild-type proMBP, forms the complex with AGT at a markedly increased rate ( Figure 5B ). Similar results have been obtained for the formation of the proMBP-PAPP-A complex [33] , indicating that the proMBP-AGT and the proMBP-PAPP-A complexes are formed by a similar mechanism. Of particular interest, these findings suggest that AGT and PAPP-A must compete for covalent interaction with proMBP ( Figure 7 ), explaining the apparent absence from the circulation of a ternary complex, composed of proMBP, AGT and PAPP-A. We demonstrated that such competition occurs by using a model system including PAPP-A, proMBP and a molar excess of AGT. In this system, AGT caused a 20 % reduction in the proMBP-PAPP-A complex ( Figure 6A ), which therefore formed more readily. We further demonstrated that with decreasing concentrations of GSH, less of the proMBP-PAPP-A complex is formed ( Figure 6C ). However, it is difficult to define in detail how such a mechanism operates in vivo, because both of the reactions of proMBP are likely to be affected by factors other than the redox potential, and they may occur outside the vascular compartment, e.g. in the placental tissue. For example, PAPP-A [41] and proMBP [42] are known to bind to cellular surfaces, and the presence of an AGT receptor on placental cells has been proposed [43] . No data exists for AGT, but surface binding of PAPP-A and proMBP is known to affect complex formation, possibly by means of a proximity effect [31] . Furthermore, the presence on cell surfaces of protein disulfide isomerases [44] may control the local redox environment at the cell surface and thus be a major determinant of the reaction partner of proMBP.
Potential biological consequences of a disturbed balance are obvious, in particular the consequences of reduced formation of the proMBP-PAPP-A complex. This would cause increased uncomplexed active PAPP-A and, in turn, increased potential for stimulation of the IGF receptor mediated by the increased cleavage of inhibitory binding proteins by PAPP-A. Several processes of placental development and fetal growth depend on IGF receptor stimulation [45] . The consequence of an increased concentration of proMBP-AGT relates to the kinetics of its cleavage by renin, dramatically reduced compared with uncomplexed AGT ( Figure 4B) . A reduction in the rate of angiotensin I generation potentially affects systemic blood pressure, but may also have local effects in the placenta [3] . Whether changes in the degree of formation of these complexes have diagnostic potentials or are connected with disease development awaits further studies.
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